17. Fluoxetine is an SSRI. Imipramine is a TCA that blocks the reuptake of both 5-HT and NA. Desipramine is a TCA that selectively blocks NA reuptake. Haloperidol is a neuroleptic devoid of antidepressant activity. 18. P. A. Sargent et al., Arch. Gen. Psychiatry 57, 174 (2000). 19. C. Gross et al., Nature 416, 396 (2002 We report coherent optical control of a biexciton (two electron-hole pairs), confined in a single quantum dot, that shows coherent oscillations similar to the excited-state Rabi flopping in an isolated atom. The pulse control of the biexciton dynamics, combined with previously demonstrated control of the single-exciton Rabi rotation, serves as the physical basis for a two-bit conditional quantum logic gate. The truth table of the gate shows the features of an all-optical quantum gate with interacting yet distinguishable excitons as qubits. Evaluation of the fidelity yields a value of 0.7 for the gate operation. Such experimental capability is essential to a scheme for scalable quantum computation by means of the optical control of spin qubits in dots.
We report coherent optical control of a biexciton (two electron-hole pairs), confined in a single quantum dot, that shows coherent oscillations similar to the excited-state Rabi flopping in an isolated atom. The pulse control of the biexciton dynamics, combined with previously demonstrated control of the single-exciton Rabi rotation, serves as the physical basis for a two-bit conditional quantum logic gate. The truth table of the gate shows the features of an all-optical quantum gate with interacting yet distinguishable excitons as qubits. Evaluation of the fidelity yields a value of 0.7 for the gate operation. Such experimental capability is essential to a scheme for scalable quantum computation by means of the optical control of spin qubits in dots.
The rapid evolution of quantum dot (QD) studies has opened up the possibility of building devices that reveal both classical and quantum features. In particular, biexciton transitions in QDs have been proposed as the physical realization of universal quantum logic gates (1) (2) (3) . In a single QD, quantum confinement greatly enhances the higher order Coulomb interaction, leading to the formation of a bound state of two orthogonally polarized excitons. The excitation of one exciton affects the resonant energy of the other, which corresponds to the characteristic conditional quantum dynamics that are needed for quantum computing. Fig. 1 , A and B, shows the mapping from the single-particle picture of the two exciton transitions in a single QD to the excitationlevel diagram. This simplest two-bit system involves the crystal ground state (ͯ00͘), two distinguishable excitonic states with orthogonal polarizations (ͯ01͘ and ͯ10͘), and the biexciton state (ͯ11͘), where the value 0 (or 1) represents the absence (or presence) of an exciton. In a controlled rotation (CROT) gate, the target bit (the second bit) is rotated through (i.e., from state 0 to 1 or vice versa) if and only if the control bit (the first bit) is 1. The unitary transformation matrix of the CROT shown in Fig. 1C operates on the input wave function defined in the computational basis and yields the output wave function. The CROT gate is equivalent to the standard controlled-NOT (CNOT) gate, despite the slight difference in the minussign placement in their matrix representations (4 ) . Unitary rotations like the CROT are much easier to realize than the CNOT operations (4, 5) .
We demonstrated Rabi oscillations between the exciton and biexciton states that are similar to the excited-state Rabi oscillations observed in atomic systems. This work builds on earlier demonstrations of the ground-state-to-exciton Rabi oscillations in QDs (6-9). The result is important in that the pulse in this experiment plays a critical role in quantum information processing. It transforms a factorizable state into an entangled state: ͯ00͘ ϩ ͯ10͘ 3 ͯ00͘ ϩ ͯ11͘. It can also be used as the operational pulse for the CROT. When we combine this result with the exciton Rabi oscillations, the truth table of a CROT gate can be mapped out in this two-bit system. The performance of the gate is limited by the short population relaxation times of dipole-allowed transitions and the long operational pulses used to avoid exciting nearby states outside the computational basis.
The current system is clearly not scalable beyond two qubits, but serves instead as a model for studies that may lead to more complex scalable systems (10, 11) . Any quantum algorithm requiring only two qubits, such as the Deutsch-Jozsa algorithm, can be realized in the current biexciton system, in which necessary quantum transformations are decomposed into single-bit rotations and the two-bit CROT (4) .
QDs are naturally formed in a thin (4.2 nm) GaAs layer grown between two 25-nm Al 0.3 Ga 0.7 As barriers and are probed through submicron apertures at 6 K (12, 13). The exciton states are excited with linearly polarized light, and the biexciton is excited by the collinear polarization rules (Fig. 1B) . These selection rules result from the tendency of the QD islands to elongate along the [110] crystal axis and have been verified in previous studies (14) . The fine structure splitting between the two orthogonally polarized excitons is on the order of tens of eV.
Biexcitons, together with the related excitons, have been characterized in naturally formed QDs with nonlinear optical spectroscopy in the frequency domain (15) . Our work extends that study with coherent, transient, differential transmission (DT) measurements (16) . A DT experiment mapped out the single excitonic transitions under a small aperture ( Fig.  2A) . The data were taken by fixing the delay () between the pump (E 1 , 1, where E is the electric field and is the laser frequency) and the probe (E 2 , 2 ϭ 1 ) near zero and scanning the frequency of the laser. The resonances were broadened by the laser bandwidth (ϳ0.4 meV) (supporting online text). Experiments designed to study the biexciton require a two-color excitation scheme. The first laser, producing a strong pre-pulse (E pre ), was tuned to an exciton transition. It prepared the system by driving it from state ͯ00͘ to ͯ10͘, for example. The second laser, in the usual pump-and-probe geometry, then manipulated the state and probed the result. When the pump and probe beams were scanned in frequency with fixed near zero, a peak at the lower energy end of the spectrum appeared (Fig.  2C) , which corresponds to the biexciton transition related to the exciton that was excited by the pre-pulse. The energy difference, ϳ3.5 meV, between the biexciton and the associated exciton is the biexciton binding energy, which is considerably higher than that reported in higher dimensional semiconductor structures (15) .
Rabi oscillations are well-understood phenomena in two-level spin and atomic systems. Under a strong, resonant, coherent excitation field, the population of the excited state goes through an oscillation as a function of pulse area, which is defined as
where ⌰ is the pulse area, t is time, eg is the electric dipole moment of the transition, ε is the electric field polarization vector, and, ប is Planck's constant h divided by 2. The analytical solution to the simplest twolevel model with no dephasing shows that the excited-state population evolves in time as sin 2 [⌰(t)/2]. The experimental configuration for the biexciton Rabi-oscillation experiment was similar to that shown in Fig. 2D , except that the probe polarization was chosen to be orthogonal to the pump to probe the ͯ11͘ 3 ͯ01͘ transition and to monitor the population of state ͯ11͘. A polarizer was placed in front of the detector to avoid excess noise caused by the strong pump field. The delay between the pump and the probe was fixed at ϳ 10 ps. As the pump power, i.e., the pulse area, varied, one complete oscillation was observed (Fig. 3A) with the peak of the oscillation corresponding to a pulse area of ϳ and the trough corresponding to ϳ2. After estimating the electric field amplitude at the QD that corresponds to the 2 pulse, we extracted the dipole moment, ϳ77 Debye, which is comparable to the exciton dipole moments previously reported (17) .
The amplitude of the Rabi oscillations decays as seen earlier in the exciton Rabi oscillations, because of an increase in the population decay rate (6). The physical origin for an increased decay rate at higher pump power is a higher scattering rate experienced by the resonantly excited excitons and biexcitons from the nearly degenerate delocalized states. Strong evidence of the existence of such delocalized states has been observed in ensemble studies.
Biexciton Rabi oscillations could also be observed as a function of pulse delay at fixed pump powers (Fig. 3, B to E) . The target quantum states that followed the pump pulse were 1/ ͌ 2(ͯ10͘ -ͯ11͘), -ͯ11͘, -1/ ͌ 2(ͯ10͘ ϩ ͯ11͘), and -ͯ10͘, from left to right. The post-pump-pulse time evolution was simply due to the population relaxation. When the pulse area exceeded , stimulated emission began. This was most clearly demonstrated in the case of a 2 pulse, where the maximum population was excited and then immediately switched back down.
An important achievement in demonstrating the biexciton Rabi oscillation is that the pulse served as the operational pulse of a CROT gate. To be more specific, the operational pulse for the CROT gate was chosen to be a pulse tuned to the ͯ10͘ 7 ͯ11͘ transition. If the input of the gate is ͯ00͘, the operational pulse will be off-resonant and the output will remain ͯ00͘. If the input is ͯ01͘, the operational pulse will have the wrong polarization and the output will not change, as verified experimentally (16) . However, when the input is ͯ10͘, the operational pulse rotates the input to -ͯ11͘. Similarly, if the input is chosen to be ͯ11͘, the operational pulse stimulates it down to ͯ10͘. Thus, the truth table of the CROT was mapped out with a pulse tuned to the ͯ10͘ 7 ͯ11͘ transition. This description of the gate operation assumes that the optical coupling is ideal, which leads to complete Rabi oscillations. In reality, quantum systems couple to their environment (e.g., phonons and vacuum fluctuations), causing pseudo-spin relaxation and dephasing, i.e., decoherence, which prevent complete Rabi oscillations.
Although this system is only a model to demonstrate the potential for coherent, optically driven quantum computing in scalable architectures based on multidot systems, it is useful to quantify the performance and evaluate the impact of the operating parameters. To do that, we compared the ideal truth table with the physical truth table (Fig. 4) calculated on the basis of experimentally determined parameters (supporting online text). It is important to recognize that the rotation of the ͯ00͘ state to either the ͯ01͘ or ͯ10͘ state was calculated to be 0.80, in excellent agreement with the measured value of 0.77 Ϯ 0.06.
It is possible to define a simple parameter that describes the performance of the CROT gate to facilitate comparison between different implementations.
The gate fidelity,
where is the wave function, U I is the ideal unitary transformation matrix, and U P † is the complex conjugate of the physical unitary transformation matrix, first defined in (18) , is one such parameter. The definition can be naturally extended to F ϭ Tr[ P (t) I (t)] to take dephasing into account, where P (t) and I (t) are the physical and ideal density matrices after the gate operation, F is the gate fidelity, and Tr represents the trace. The overline indicates an equally weighted average over all possible initial states of the four-level system. An ideal gate would have fidelity of 1, whereas any real gate would have fidelity between 0 and 1. The fidelity of the current CROT gate is calculated to be 0.7 (supporting online text).
Long operational pulses and short dephasing times due to fast recombination, a consequence of the large dipole moment, are two key issues that lead to the fidelity below 1 of the current gate. Long pulses (5 ps) were used in our experiments in order to avoid exciting multiple excitons under the same aperture. Using a smaller aperture or a different sample with more isolated excitons will enable us to use shorter pulses. A much more versatile and efficient solution is to use the technique of pulse shaping (4). Much longer recombination and dephasing times, on the order of several hundred picoseconds, have been reported (supporting online text) in self-assembled QDs (19) (20) (21) . The combination of a short operational pulse (1 ps) and long population-relaxation times (200 ps) with no pure dephasing would lead to a much improved gate, with fidelity as high as 0.97 with the optimal separation between pulses.
The interacting two-exciton system studied here is formed by two excitons in the same QD. Although this system is the simplest model system for the study of a two-bit gate, it is not really scalable by adding an arbitrary number of excitons into a dot, where qubits are based on dipole transitions with relatively short lifetimes. A variety of schemes exist for scalable quantum computers based on semiconductor QDs, such as the QD-microcavity systems (22) , QDs attached to a linear support (23) , and doped QDs coupled through exchange interactions (10) . An essential element of these proposals is the introduction of a controllable coupling between qubits. In the work of Piermarocchi et al. (10) , qubits were represented by spin degrees of freedom of the electrons localized in a patterned array of doped self-assembled QDs. Although our present work relies on creating a real population of two interacting excitons, optical manipulation of spin through virtual excitons can be realized in the adiabatic limit and is robust against decoherence through population relaxation. The recent studies demonstrating longlived spin coherence in semiconductors (24) , coupled with the rapid pace of advances in quantum dot fabrication, make proposals based on manipulation of spins attractive.
